In this study, the direct numerical simulation (DNS) for homogeneous shear turbulence in the system rotating along the streamwise direction is fulfilled. Due to the rotation effect, the turbulence energy becomes small during the initial short time and the Reynolds shear stress are suppressed more strongly with increasing the system angular velocity. Since the redistribution related to the rotation and pressure-strain terms of the Reynolds normal stress is weakened by the streamwise rotation, the anisotropy of the normal stresses is strengthened. In the strong rotation case the anisotropy of the velocity spectra is strong in the whole wavenumber region in contrast with the isotropy of the non-rotating case in the large one. From the viewpoints of the probability density function (PDF) for the vorticity vector angle and visualization for the vortex structure, we find that the vortex structures become large and stand in a line by the streamwise rotation axis. Moreover, we suggest that the rapid distortion theory (RDT) simulation reproduces the rotation effect on the mean quantities of the DNS results in only short time immediately after a calculation start.
Introduction
Turbulent flows under the system rotation are strongly affected by the inertial forces, i.e., the Coriolis force and centrifugal force, and are very important in many scientific and engineering situations. Many researchers have vigorously studied the turbulent flow with the spanwise system rotation. The turbulent channel flow with the spanwise system rotation was numerically investigated by Kristoffersen and Andersson (1993) and Lamballais, et al., (1996) and they suggested that the turbulence stabilizes near a suction side and destabilizes near a pressure side due to the Coriolis force. The DNS for the spanwise rotating homogeneous shear turbulence was performed by Tanaka, et al. (1998) . The flow field of the positive Bradshaw-Richardson number stabilizes and the negative one destabilizes by contraries. In the zero absolute vortex case of the system rotation, the oblique vortex tube structures appear. On the other hand, the streamwise rotation effect was numerically examined in the channel flow by El-Samni and Kasagi (2001) and in the square duct flow by Okamoto (2011) . As the former results, due to the streamwise rotation, the mean quatities are three-dimensionalized. The later DNS showed that the cyclonic secondary flow is strengthened and that the distribution of the mean quantities drastically changes under the influence of the secondary flow. However, it is not adequate to investigate the system rotation effect along streamwise axis in comparison with the spanwise rotation.
In the present work, we carry out the DNS for the homogeneous shear turbulence with a fixed shear rate and streamwise system rotation of nine angular velocities, estimate the mean quantities, spectral information and instantaneous fields, and investigate the streamwise system-rotation effect. Furthermore, we test by the present DNS the prediction of the RDT, which can well predict the homogeneous shear turbulence with the spanwise system-rotation by Salhi and Cambon (1997 
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Basic equations and numerical procedure
The fundamental equations for incompressible fluid motion under the system rotation are written by
Here, u i is the velocity, p is the pressure including the centrifugal force, ν is the molecular viscosity, Ω j is the angular velocity of the system rotation and i jm is the permutation tensor. The summation convention is used for the repeated subscripts. In this work, we calculate the rotating homogeneous shear turbulence with the constant mean shear rate S as can be seen in Fig. 1 . The axis of the system rotation is parallel to the streamwise, x direction. By separating the mean field U i and fluctuating one u i , the governing equation for the fluctuating one is derived as
By means of the numerical simulation, we solve only the above equations. The spatial calculation method is the pseudo-spectral method using the Fourier transformation with the remeshing procedure proposed by Rogallo (1981) , which is free from any truncation error including in the finite difference method, and we remove the aliasing errors using Kida and Tanaka (1994) 
DNS results

Mean quantities
The time development of the turbulent energy K/K 0 is given in Fig. 2 . The time is non-dimensionalized by the shear rate S . Owing to the system rotation effect, the turbulent energy is weakened until S t = 7.5. K in the case of N = 4 is smallest and the growth rates of K in the cases of weak and strong rotation numbers become large at a later calculation time. The turbulent energy transport equation is
and the first term is the production, the second one is dissipation. Thus, there is no direct effect of the system rotation in this equation. The dissipation rate is shown in Fig. 3 . The time behavior corresponds to that of K in the early calculation time. At S t = 20, ε in the strong rotation cases is about one-third in the case of small N. The suppression of ε under the influence of the system rotation does not correspond to that of K in the later calculation time.
We calculate the anisotropic tensor of the Reynolds stress, The budget equation for the Reynolds stress u i u j is written by 5 shows the scatter graph of the invariants with the Lumley triangle, which means the realizability of the Reynolds stress. The Reynolds stress in the non-rotating case is near the isotropic components, while in the rotating case, the turbulence is along axisymmetric line. As N increasing, the turbulence approaches the one component limit. where the first, second, third and fourth terms in the right hand side of the above equation are the production, rotation, pressure-strain and dissipation terms, respectively. In the strong rotation case, the rotation terms, which are expressed by
are vibrated violently and are strengthened with increasing N. Therefore, we show the summation of the rotation and pressure strain terms in the budget results, Fig. 6 . In all the budgets of the Reynolds stresses, each term becomes small due to the streamwise rotation effect. The redistribution of the Reynolds normal stresses arises from the pressure-strain and rotation terms and the streamwise rotation weaken the redistribution. The redistribution terms of v v is almost equal to those of w w unlike N = 0 case. Thus, as can be seen in Fig. 4 , the normal stresses attain to the anisotropy, u u >> w w ≈ v v In the shear stress u v budget, the production term balances with the redistribution terms. In order to study the higher order quantities in details, we estimate the budget of the dissipation rate. The transport equation for ε is derived by
Here, the three productions terms P ε1 , P ε2 , P ε3 and the dissipation term D ε are defined by
There is no rotation term in the ε equation Eq. (8). P ε1 and P ε2 is the production term related to the mean shear and P ε3 is that which is closely connected with vortex stretching. In Fig. 7 , the contribution of each term becomes small as N increases. The shear related production terms are very small in comparison with P ε3 . The dissipation term D ε mainly balances with P ε3 . In the case of N = 16, the negative contribution of the production terms P ε1 and P ε2 appears.
Spectral analysis
The profiles of the energy spectra E(k) normalized by the turbulent energy at S t = 5 and 20 show in Fig. 8 . We can find that the energy spectra within the middle wavenumber range almost follow the Kolomogorov's −5/3 power law in all the cases. The energy containing quantities in the high wavenumber region decrease as N increases. There is an energy dent of the strongest rotation case in the region 10 < k < 20 at S t = 20. In order to look into the anisotropy in the small scale, we evaluate the non-dimensional anisotropic velocity spectra formulated by
When the normal components of the above spectral function are close to zero, the flow fled is isotropic. The contour plots of B 11 , B 22 and B 12 in regard to time S t and wavenumber k are given in Figs. 9 ∼ 11, respectively. The solid contour line denotes the positive region and the dot line denotes the negative one. The power spectra B 11 is large positive value in the small wavenumber region in all the cases. The rotation effect causes B 11 in the high wavenumber region to increase. The result of B 22 is the opposite of that of B 11 . In the strong rotation case, the anisotropy is significant in both the small and large scale. B 12 is negative and the turbulent energy is generated in the small wavenumber region. On the other hand, B 12 in the cases of N = 0 and 1 is positive and that in the strong rotation cases is negative by contraries. These facts indicates that the streamwise system rotation affects the small-scale motion remarkably. The transport equation for the velocity power spectra are written by
where P i j , R i j , Φ i j , Π i j and T i j are the production, rotation, pressure-strain, transfer and dissipation spectral functions, respectively, which is defined by 
The budget results normalized by the energy dissipation spectral function T ii /2 are in Figs. 12 ∼ 14. In the budget of E 11 , Fig.12 , P 11 is independent of N and product E 11 in only the small wavenumber region. The streamwise rotation strengthens E 11 in the high wavenumber region as in Fig. 9 . Thus the dissipation spectrum T 11 increases as N increases and balances with the transfer one Π 11 . In Fig. 13 , the pressure strain and rotation ones of N = 16 in the E 22 budget are dominant in the small and large wavenumber regions and there are balances between them. On the other hand, they make a contribution to only the large-scale velocity spectra in the weak rotation cases. T 22 decreases as N increases contrary to T 11 . The small-scale anisotropy of the power spectrum E ii is closely related to this anisotropic behavior of the dissipation spectral functions. In the result of E 12 budget, Fig. 14 , since the dissipation spectral function T 12 is very small in comparison with other spectral functions, it is omitted. The difference of the production ones is small in the moderate and large wavenumber region. As can be seen in Fig. 13 , R 12 balances with Φ 12 and produces E 12 in the large wavenumber region at N = 4 and 16. Fig. 12 Velocity spectral budgets of E 11 normalized by the energy dissipation spectra at S t = 5. 
Instantaneous fields
Next, let us investigate the vortex structures in the instantaneous field according as the method proposed by Hunt, et al. (1988) . The vortex structures and their strong production regions are visualized by using the second and third invariants of the velocity gradients ∂u i /∂x j , which are defined by
where s i j and w i j are the symmetric strain and asymmetric vorticity tensors. The negative Q 3 means the production of positive Q 2 . As can be seen in Fig. 15 , in the cases of the weak rotation numbers N = 0 and 1, the tube-like structures Fig. 14 Velocity spectral budgets of E 12 normalized by the energy dissipation spectra at S t = 5.
appears chaotically and the strong production regions are not active. In strong rotation cases, N = 4 and 16, the vortex structures are directed toward the x direction of the rotation axis and their size is enlarged in comparison with that in the weak rotation cases. In N = 16 case, a lot of strong production regions of the vortex structure appear and their structures stand in a line by the rotation axis like the vortex ones. For the purpose of investigating the arrangement of the vortex structures, we estimate the PDF for the azimuth angles, α and β. with respect to the vortex vector ω only within vortex structures sampled by Q 2 > 0.4ε/ν. As can be seen in Fig.  16 , α denotes the angle of the vortex vector from the zx plane and β denotes that from the negative z axis. If the vortex vectors are isotropic, α and β obey sine and uniform distributions, respectively. In the non-rotating case N = 0, the α s PDF is almost equal to the sine distribution. Due to the system rotation effect, the peak at positive exists and another peak at negative appears in the strongest rotation case. There are two peaks of the β s PDF at β = ±π/2, and the case of N = 4 has the highest probability. These results indicate that the most likelihood direction of the vortex structures is parallel to x-axis and leans up a little under the influence of the streamwise system rotation.
Comparison between RDT and DNS
Finally, we perform the RDT analysis, which was calculated in the spanwise rotating homogeneous shear turbulence by Salhi and Cambon (1997) , for the present DNS of N = 0 ∼ 4. The linearized equations based on RDT are written as
In the above equations, the pressure related terms are eliminated by using the continuous equation. These equations are numerically solved by using the same scheme of the present DNS. In Fig. 17 , the RDT overpredicts the turbulent energy as time passes. However, in only short time immediately after a calculation start, the RDT reproduces the dependence of the DNS on N. Fig. 18 displays that the RDT also predict the Reynolds stresses during the initial short calculation period.
Conclusions
In this work, we performed the DNS for the streamwise rotating homogeneous shear turbulence with the several rotation numbers. The turbulent energy during a short time from the calculation start is suppressed and the anisotropy of the Reynolds normal stresses is intensified by the effect of the streamwise system rotation. This anisotropy is caused by the weak redistribution of the Reynolds normal stress. In the strong rotation case, the small-scale anisotropy of the velocity power spectra appears and the vortex structures are directed toward the streamwise direction. The RDT analysis reproduces the dependence of the turbulent energy and Reynolds stress on the rotation number in only short time immediately after a calculation start, but overestimates the turbulent energy as time passes. For the purpose of comprehending this rotatimg turbulent flow in detail, we will need to systematically perform the DNS for different sets of the shear rate and Reynolds number in the future. 
